ABSTRACT Pyrethrum is a natural mixture of six insecticidal esters, recognized for low mammalian toxicity and limited persistence in the environment. In this study, World Health Organization standard bioassays were used to evaluate the performance of pyrethrum against both susceptible and pyrethroid-resistant Anopheles gambiae s.s. The results showed that the intrinsic activity of pyrethrum was similar to that of permethrin but lower than that of deltamethrin against susceptible mosquitoes. However, pyrethrum was less affected by the presence of the kdr mutation than synthetic pyrethroids (with lower resistance ratios) and showed good knock-down effect, repellency, and blood-feeding inhibition against the pyrethroid-resistant strain. In laboratory condition, mosquito nets treated with 500 Ð1,000 mg/m 2 (pyrethrum) remained effective, i.e., Ͼ80% mortality and/or Ͼ95% K D effect, for 9 mo. Conversely, the efÞcacy and residual activity of pyrethrum (Pynet 5% EC) on substrates was not conclusive, especially concerning mud, which is a porous substrate (mortality Ͻ80% after 3 mo at 2 g/m 2
rethrum is recognized for low mammalian toxicity (Sattelle and Yamamoto 1988) and its nonpersistence in the environment (Katsuda 1999) . It rapidly knocks down and kills a wide variety of insect pests, such as cockroaches, mosquitoes, ßeas, and houseßies, for example (Silcox and Roth 1994) . As is true for synthetic pyrethroids, pyrethrum targets the voltage-gated sodium channels of neuronal membranes, inducing paralysis and death of the insect (Salgado et al. 1983, Sattelle and Yamamoto 1988) . Despite its long history of use, very few cases of speciÞc resistance to pyrethrum have been described, and these have mainly arisen as a result of cross-tolerance conferred by the insects developing resistance to other insecticides (Cochran 1995) . The fact that pyrethrum may have a different proÞle from synthetic products in terms of patterns of cross-resistance may be of great interest for controlling pyrethroid-resistant An. gambiae in Þeld situations.
In this study, we characterized, under standardized laboratory conditions, the performance of pyrethrumbased products (technical grade and an EC formulation) against susceptible and kdr-resistant strains of An. gambiae in comparison with standard pyrethroids (i.e., deltamethrin and permethrin). We Þrst established the dose/response relationships of pyrethrum by topical applications and tarsal contact to deposits on Þlter papers and estimated the discriminating dosage (DD) of the compound. The efÞcacy, repellency, and residual activity of a pyrethrum-based formulation (Pynet 5% EC) were also studied on different substrates (mud, wood, cement) and netting materials.
Materials and Methods
Mosquito Strains. Two laboratory strains of An. gambiae were used. The reference susceptible strains of An. gambiae (Kisumu), originating from Kenya, are free of any detectable insecticide resistance mechanism. The pyrethroid-resistant strain (VKPR), originating from the Kou Valley in Burkina Faso, was already resistant to pyrethroids when it was collected in the Þeld and has been exposed to constant pyrethroid selection in the laboratory until it became homozygous for the knock down mutation (Darriet et al. 1997) . Resistant and susceptible strains were checked every 3 mo for resistance status and S and R genotype.
Insecticides and Substrates. Bioassays were made with technical grade and formulated product of pyrethrum. The active ingredient (purity 25%) and formulation (Pynet 5% EC) were provided by the Pyrethrum Board of Kenya (Nakuru, Kenya). Deltamethrin (100%) and Permethrin cis:trans 25:75 (94.6%) were provided by Agrevo (Berkhamsted, UK). The nets used for impregnation were white polyester multiÞlament, 100 denier, mesh 156, from SiamDutch Mosquito Netting Co (Bangkok, Thailand).
Bioassay Procedures. All bioassay procedures used in this study are fully described in the WHO guidelines for testing mosquito adulticides for indoor residual spraying and treatment of mosquito nets (WHO 2006) . The laboratory conditions used were the same for all tests (temperature, 27ЊC; 80% RH).
Topical Application. Topical application allows an estimation of the intrinsic activity of a pesticide on a given pest species (WHO 2006) . Technical grade pyrethrum was tested against both susceptible and kdrresistant strains of An. gambiae. A volume of 0.1 l of insecticide solution at the required concentration was applied on the pronotum of each female using a microcapillary. Females treated with pure acetone served as controls. Mortality rates were recorded 24 h after exposure. Data were analyzed by the log-probit method of Finney (1971) using Probit software (Raymond et al. 1997) . They were expressed in nanograms of insecticide per milligram of body weight. Results were corrected by the formula of Abbott (1925) in the case of control mortality Ͼ5%.
Tarsal Contact with Treated Filter Papers. Tarsal contact tests were run using Þlter papers treated with technical grade pyrethrum. Filter papers were treated using acetone solutions of insecticide and silicone oil as the carrier (WHO 2006) . Mortality was recorded 24 h after exposure, corrected by the formula of Abbott if necessary (Abbott 1925) , and data were analyzed by Probit software (Raymond et al. 1997) . Filter papers impregnated with pyrethrum, permethrin, and deltamethrin, at the WHO discriminating dosage, were tested to assess the mortality rates after 24 h, the KDT 50 and KDT 95 (time after which 50 and 95% of mosquitoes were knocked-down, respectively), and their 95% CL.
Net and Substrate Impregnations. Netting material (25 by 25 cm) was impregnated with the Pynet EC 5% formulation, which was diluted in deionized water to the required concentration. The size required for hard substrate samples was 12 by 12 cm to Þt with the larger diameter of the standard WHO cone. Cement, mud, and wood were added to petri dishes. Once the substrates dried, they were treated by spraying a precise homogeneous residual Þlm of the EC formulation on the substrate using a pressurized handled-sprayer (model Berthout F2; Berthout, France). All samples (nettings and substrates) were stored in climatic chamber at 27 Ϯ 2ЊC, 80 Ϯ 10% RH, and 12/12 light/ dark until use. a SigniÞcantly different from 1.0 (P Ͻ 0.05). ) were used as negative and positive controls, respectively. Two net samples were used for each test, and results were pooled for analysis (50 by 2 ϭ 100 mosquitoes). Knock down was measured 60 min after exposure and mortality after 24 h. To evaluate the EC formulation of pyrethrum on cement, wood, and mud, 45 susceptible nonÐ blood-fed females 2Ð5 d of age were exposed to each substrate for 30 min. Two replicates were used for each test, and results were pooled for analysis (45 by 2 ϭ 90 mosquitoes). Knock down was measured 60 min after exposure and mortality after 24 h. Tunnel Tests. Mortality and blood feeding inhibition induced by pyrethrum treated nets were evaluated using a tunnel apparatus (WHO 2006) . The system is composed of a square glass cylinder, 25 cm high, 25 cm wide, and 60 cm long, with a square of netting with nine 1-cm-diameter holes Þxed into a frame that slots across the tunnel, dividing it into two chambers. A guinea pig is housed in the bait chamber unconstrained in a cage, and in the other chamber, 100 unfed female mosquitoes 5Ð 8 d of age were released at dusk and left overnight in the dark. The following morning, the numbers of mosquitoes found alive or dead and fed or unfed in each compartment were scored.
Results
Intrinsic Activity of Pyrethrum Against SS and kdr An. gambiae. The LD 50 and LD 95 of pyrethrum determined by topical applications were 1.9 and 11.5 ng/mg of female body weight on SS mosquitoes and 13.0 and 44.1 ng/mg on pyrethroid-resistant mosquitoes, respectively ( Table 1 ). The slopes of the regression lines were low and signiÞcantly different between SS and kdr mosquitoes (95% conÞdence intervals do not overlap, P Ͻ 0.05). Mortality was signiÞcantly lower for resistant individuals than susceptible ones (RR 50 and RR 95 were 5.4 and 3.0, respectively).
With tarsal contact, pyrethrum and permethrin acted in a similar range of concentrations against SS mosquitoes (LD 50 were 0.10 and 0.078%, respectively), whereas deltamethrin acted at far lower concentrations (LD 50 was 0.0008%; Table 2 ). Considering the observed LD 100 of pyrethrum on susceptible mosquitoes (0.5%), the diagnostic dosage (DD) for An. gambiae should be 1%. Interestingly, the level of crossresistance was lower for pyrethrum (RR 50 ϭ 4.8) and, to a lesser extent, for permethrin (RR 50 ϭ 9.4) than it was for deltamethrin (RR 50 ϭ 55).
Mortality and the K D effect of pyrethrum, permethrin, and deltamethrin, at the WHO DD, against SS and RR mosquitoes are shown in Table 3 . All pyrethroids induced 100% mortality for SS individuals, whereas mortality decreased to 90, 80, and 72% for kdr mosquitoes with pyrethrum, deltamethrin, and permethrin, respectively. Results showed that the KDT 50 and KDT 90 of pyrethrum were two to four times lower than that of permethrin and deltamethrin for SS mosquitoes (Table 3) . Interestingly, the presence of the kdr mutation did not greatly affect the KD effect of pyrethrum (KDT 95 of 19.9 min) compared with deltamethrin (KDT 95 of 45.7 min) or permethrin (KDT 95 of 99.3 min). Efficacy and Residual Activity of Pyrethrum on Nets and Substrates. Preliminary studies carried out on SS mosquitoes showed that the Þrst concentrations of pyrethrum causing Ͼ80% mortality and/or Ͼ95% KD effect after 60 min (WHO requirements) on nets were 500 and 1,000 mg/m 2 (data not shown). At these two concentrations, the KD effect of pyrethrum-treated samples was 100% and lasted 9 mo in laboratory conditions (data not shown). Mortality caused by pyrethrum remained within WHO requirements for 9 mo at the highest dosage (1,000 mg/m 2 ), whereas it signiÞcantly dropped below 80% after 6 mo at 500 mg/m 2 ( Fig. 1) .
With the tunnel apparatus, both 500 and 1,000 mg/m 2 pyrethrum showed good performance against SS mosquitoes in terms of mortality (Ͼ80%), entry rates (Ͻ15% entry rates), and blood-feeding inhibition (100% BFI; Fig. 2A ). One should note that the highest dose of pyrethrum killed signiÞcantly less mosquitoes than the lower one (82 and 99%, respectively, P Ͻ 0.05). With the pyrethroid-resistant strain, mortality induced by pyrethrum at 500 mg/m 2 was once again signiÞcantly higher than that recorded at 1,000 mg/m 2 (74 and 31%, respectively; P Ͻ 0.05). Despite the presence of the kdr mutation, low entry and bloodfeeding rates (Ͻ20%) were recorded with pyrethrum at 500 and 1,000 mg/m 2 (Fig. 2B) . As for the netting materials, a preliminary study on pyrethrum efÞcacy was performed using susceptible An. gambiae with different dosages and substrates (wood, cement, and mud). The Þrst concentrations causing Ͼ80% mortality and Ͼ95% KD effect were 1 and 2 g/m 2 for all substrates (data not shown). g/m 2 pyrethrum, both mortality and KD effect were low (Ͻ20%) after 3 mo in laboratory conditions of storage (except on wood, which is a nonporous substrate). At 2 g/m 2 pyrethrum (Fig. 3) , mortality signiÞcantly dropped below 80% after 3 mo on cement and wood, whereas KD effect remained Ͼ95% for 9 mo. Mud was the substrate on which pyrethrum showed the lowest efÞcacy and persistence. In addition, high variability was observed between muds replicates, explaining the large conÞdence intervals observed.
Discussion
The intrinsic activity of pyrethrum against susceptible mosquitoes was found to be similar to that of permethrin but was much lower than other pesticides, such as pyrethroids, Þprols, and neonicotinoids (Table  4 taken from Corbel et al. 2004) . However, the toxicity of pyrethrum was not strongly affected by the presence of the kdr mutation in An. gambiae, as indicated by the relatively low resistance ratios observed with topical application and Þlter paper bioassays. In contrast, bifenthrin and permethrin showed higher resistance ratios (RR 50 of 12 and 30, respectively) than pyrethrum with the same An. gambiae strain (Chandre et al. , Bonnet et al. 2004 . The WHO treated Þlter papers also showed that the DD of pyrethrum was 1% for susceptible Anopheles mosquitoes. At this concentration, a strong KD effect was noted for both susceptible and pyrethroid-resistant strains compared with permethrin and deltamethrin. WHO cone tests carried out on pyrethrum-treated netting (Pynet 5% EC) showed that unwashed nets treated at 500 and 1,000 g/m 2 fulÞlled WHO requirements (i.e., Ͼ80% mortality and/or KD Ͼ 95%) for a period of 9 mo in laboratory conditions of storage (100% KD for both concentrations). The evaluation carried out in tunnel apparatus conÞrmed the good performance of pyrethrum-treated nets in terms of mortality (Ͼ80%), entry rate (Ͻ15%), and bloodfeeding inhibition (Ͼ95%). This suggests that pyrethrum may be applied to nets at dosages similar to those recommended for permethrin, i.e., between 500 and 1,000 mg/m 2 providing that this product presents no risk for human health. As the efÞcacy of pyrethrumtreated nets was found to rapidly decrease after a few washing cycles (data not shown), the search for longlasting technologies for mosquito net treatment should be encouraged.
Conversely, the efÞcacy and residual activity of pyrethrum Pynet 5% EC on substrates was not conclusive, especially concerning mud, which is a porous substrate. Mortality fell below 80% after 3 mo on all substrates (cement, mud, and wood). It has been previously observed that porous surfaces are heterogeneous for the absorption of insecticides, which may lead to variable results (Darriet et al. 1998 , Rojas de Arias et al. 2003 , Romi et al. 2005 . This study suggests that dosages Ͻ2 g/m 2 would be not appropriate for indoor residual spraying.
In conclusion, this study showed that pyrethrum may be promising for malaria vector control, especially for the impregnation of bednets and textiles, as it showed strong KD effect and high excito-repellency against resistant mosquitoes that are particularly important for achieving good personal protection. Further Þeld studies (e.g., experimental huts) are now needed before efÞcacy and cost-effectiveness of the product can be totally assessed.
